. These missions showed that plasma accelerates as it emerges from the corona, aided by unidentified processes that transport energy outwards from the Sun before depositing it in the wind. Alfvénic fluctuations are a promising candidate for such a process because they are seen in the corona and solar wind and contain considerable energy [5] [6] [7] . Magnetic tension forces the corona to co-rotate with the Sun, but any residual rotation far from the Sun reported until now has been much smaller than the amplitude of waves and deflections from interacting wind streams 8 . Here we report observations of solar-wind plasma at heliocentric distances of about 35 solar radii [9] [10] [11] , well within the distance at which stream interactions become important. We find that Alfvén waves organize into structured velocity spikes with duration of up to minutes, which are associated with propagating S-like bends in the magnetic-field lines. We detect an increasing rotational component to the flow velocity of the solar wind around the Sun, peaking at 35 to 50 kilometres per second-considerably above the amplitude of the waves. These flows exceed classical velocity predictions of a few kilometres per second, challenging models of circulation in the corona and calling into question our understanding of how stars lose angular momentum and spin down as they age [12] [13] [14] .
The Parker Solar Probe (PSP) launched in August 2018 on a Delta IV Heavy rocket. The high energy of the launch, combined with a gravitational assist from Venus in September 2018, placed PSP into an eccentric orbit with a period of 147 days and a perihelion at a heliocentric distance of r = 35.7R☉ (R☉, solar radius) nearly a factor of two closer to the Sun than any previous mission 4 . This study uses observations made by instruments on the spacecraft during the first two encounters with the Sun, in November 2018 and April 2019. Whereas the instruments collect data at a low rate far from the Sun, the primary science collection at a high rate occurs during the encounter phase of each orbit at r < 54R☉ (0.25 au). Encounter one (E1) lasted from 31 October to 12 November 2018, with the first perihelion occurring at 03:27 ut on 6 November. During these two encounters the longitude of PSP relative to the rotating surface of the Sun barely changed; PSP essentially dove down into, and then rose straight up from, a single narrow region above the Sun. E1 and E2 data thus describe a handful of specific solar-wind streams.
Nearly two million thermal-energy distribution functions of the solarwind protons were recorded during E1, and more than three times that number during E2 (Fig. 1, Extended Data Fig. 1 ). From these distribution functions, the bulk properties of solar-wind protons-such as the velocity, density and temperature-are derived. Within any hour interval, the distribution of the radial solar-wind speed, V pR , was strongly peaked at a Article minimum value, with a one-sided tail extending to larger V pR values. V pR reached its minimum of 200 km s −1 about a quarter of the way though E1 and then rose steadily to about 600 km s −1 . Numerical simulations and simple extrapolations of the observed photospheric magnetic field suggest that PSP spent all of E1 south of the global heliospheric current sheet, in a region with inward magnetic polarity (B R < 0) 15 . Near the start and end of E1, PSP sampled slow wind from near the global heliospheric current sheet. Closer to the Sun, PSP first observed very slow wind and then fast wind, both of which are thought to emerge from a low-latitude coronal hole 15 . Below 40R☉, V pT (the transverse component of the proton velocity in the equatorial plane of the Sun) has a net positive value, which peaks at the closest approach. This flow may be the long-sought signature of plasma co-rotation in the corona. The density peaks in the slowest wind, at a value of approximately 400 cm −3 , about 50 times higher than values typically observed at 1 au, as expected from mass conservation and spherical expansion. The proton temperature, T p , and V pR remain positively correlated 16 . At perihelion the protons are about 4 times hotter than protons with similar V pR at 1 au, consistent with radial scalings reported from earlier missions 4 . The radial component of the magnetic field, B R , increases in magnitude with proximity to the Sun but unexpectedly changes sign many times. The pitch-angle (θ) distribution for electrons (that is, the number of electrons at a given energy as a function of their angle relative to B) is a valuable diagnostic of these changes in the direction of B. Here we show the pitch-angle distribution in a 22-eV-wide energy channel centred on 314 eV, well above the electron thermal energy. The sharp peak near 180° corresponds to the strahl, a beam of super-thermal electrons that travel away from the Sun along magnetic-field lines. Near the Sun, the strahl evolves towards small sinθ values because of magnetic-moment conservation 17 . If the reversals in B R seen by PSP result from the spacecraft's crossing between open field lines (connected to the Sun at only one end) with different signs of B R back at the Sun, then the strahl would flip between 180° and 0° each time B R changed sign. Instead, every time B R flips, the strahl maintains its 180° orientation, clearly indicating that the reversals in B R are due to S-like bends in the magnetic-field lines (Extended Data  Fig. 2 ). Closed field lines with both ends connected to the Sun and strahl travelling in both parallel and antiparallel directions to B are seen during the arrival of a coronal mass ejection on 11 November at 23:50 ut, following an enhancement in the number of energetic particles 18 . Figure 2 shows a timeseries of 80 min of observations several hours after perihelion, illustrating typical velocity and magnetic-field fluctuations. About half the time, B points radially inwards towards the Sun and the velocity V remains at a relatively constant 300 km s −1 . The remaining time includes seven distinct intervals in which B rotates away from its radial-inward orientation, V pR simultaneously jumps and V also rotates, linking the one-sided tail in V pR with the reversals in polarity seen in the E1 overview. These jumps in flow associated with rotations in B and V are similar to one-sided Alfvénic structures that were first seen farther from the Sun 6, 7 . The spikes seen by PSP are different in that they have larger amplitudes and are often associated with an increase in the proton density, n p , indicating that the spikes have a non-Alfvénic component. The correlated variations in the components of B and V, their relative amplitudes and the constant value of |B| are consistent with large-amplitude, spherically polarized Alfvén waves propagating through the plasma in the anti-Sunward direction, similar to earlier observations 5, 19 . We can classify this wind stream (and indeed much of E1) as Alfvénic slow solar wind 20 . About 1,000 long-duration (>10 s) and isolated velocity spikes with large rotations in B were identified in E1 (about half as many were seen in E2.) Often the spikes can be separated chronologically into a core region with plasma conditions that are very different from those of the ambient solar wind but relatively constant, a comparatively short transition region on one side of the core, and a longer transition region on the other side containing large-amplitude fluctuations (see Fig. 3 ). During the 105-s transition at the beginning of this spike, the flow underwent seven large oscillations with an amplitude of 150 km s −1 , which possibly resulted from a Kelvin-Helmholtz instability.
Equally unexpected as the spikes and B R reversals are the large-amplitude and sustained positive rotational velocities seen below 40R☉ for E1 and 50R☉ for E2 (Fig. 4) . Net rotation has been reported farther from the Sun, but it was of the same order as instrument error and much smaller than the standard deviation in flow due to fluctuations and stream interactions 8, 21 . Here V pT rises to 35 km s −1 (E1) and 50 km s −1 (E2). This is much greater than the variance from fluctuations including the velocity spikes, there is no evidence of stream interactions, and these values are much greater than the precision in the averaged flows (less than 0.5 km s −1 ) and the absolute error in the flow due to a pointing error (less than 3 km s −1 ) (see Methods). These are the first in situ observations of net rotational flow in the solar wind that are significantly above fluctuations and uncertainty.
Some level of rotational flow has always been expected in the solar wind near the Sun, as magnetic tension in the corona should force the plasma to rotate as the Sun spins. However, the large rotational velocities measured here greatly exceed the value calculated by the axisymmetric Weber-Davis model 13 , posing a major challenge to our understanding of the dynamics of the near-Sun solar wind. Determining the origin of these tangential flows will be essential for understanding how the Sun loses angular momentum and spins down as it ages 12, 14, 22 . Further studies of the angular momentum should include magnetic fields, waves and different ions. Future PSP orbits will clarify the extent to which these large rotational flows characterize other solar-wind streams. These orbits will also provide critical additional diagnostics of the state of the plasma, including turbulence, velocity spikes, temperature anisotropy and particle velocity distribution functions, at heliocentric distances as small as 9.86R☉.
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Methods
Data collection and analysis
The data presented here were collected over the course of the first two encounters of the Sun by PSP in November 2018 and April 2019. This study makes use of all of the in situ instruments on the spacecraft. The thermal plasma properties are measured by the PSP SWEAP (Solar Wind Electrons Alphas and Protons) instrument suite 10 , including the Solar Probe Cup (SPC) and the Solar Probe Analyzers (SPAN) for electron and ion plasma data. Magnetic-field data from the outboard FIELDS magnetometer were also used 11, 15 , along with energetic-particle rates as seen by IS☉IS 18 . SPC measures the reduced distribution function of ionized hydrogen and helium and the two-dimensional flow angles of the ions as a function of energy/charge. These measurements were performed at least once per second and typically more than four times per second throughout the encounter phase of each orbit (below 0.25 au or 54R☉). This paper uses moments of the entire SPC proton distribution function to calculate the total effective proton velocity, density and radial component of the temperature. While the SPAN ion sensor generally did not view the peak of the proton velocity distribution, the overlapping regions seen by SPAN and SPC were compared to confirm that there were no gross offsets in the calibration or the derived plasma properties such as the velocity; this technique will be more accurate when the solar wind flows into SPAN closer to the Sun. Observations of electrons with a central energy of 314 eV and a width of 22 eV by the two SPAN electron sensors were combined, along with the FIELDS determination of the magnetic-field direction, to create the electron pitch-angle distributions.
All data are being archived and will be available for download at the NASA Space Physics Data Facility in November 2019 (https:// spdf.gsfc.nasa.gov/). Additional SWEAP data and information are available at the SWEAP web page (http://sweap.cfa.harvard.edu/). Data were analysed and graphics were developed in IDL (Interactive Data Language).
Statistics
The distributions of plasma properties in Fig. 1 and Extended Data Fig. 1 were produced with a time resolution of 1 h. During the encounters, the time resolution of the plasma instrument ranged from slightly more than one measurement per second to more than four measurements per second, so each column represents the distribution of approximately 3,600-14,400 measurements. All error bars indicate one standard deviation of the measurements from the mean. At least 10,000-and generally more than 80,000-observations were used to calculate the mean transverse flow V pT in Fig. 4 .
Estimates of uncertainty
Here we discuss the absolute accuracy of SPC ion measurements. As verified by ground testing, the absolute accuracy for V pR is less than 0.01% over a measurable range of approximately 119 km s ). Speeds and temperatures at the extremes of these ranges are subject to systematic considerations, but no such measurements are presented here. The accuracy of the density measurement is determined by comparison with the plasma frequency as observed by FIELDS 11 . Thus, the absolute accuracy of the SPC density measurement is estimated to be about 1% and is no worse than 3%. The absolute accuracy for off-radial flow components is verified via spacecraft roll manoeuvres about the SPC symmetry axis. For solarwind fluxes typical of the first two encounters, the uncertainty associated with this calibration corresponds to a typical absolute accuracy of about 0.5°. For a solar wind of 400 km s −1 this corresponds to an expected error in V pT of 3−4 km s −1 , which is much smaller than the net rotational flow observed. . Here Θ is a correction for thermal pressure anisotropy, where β ∥ is the ratio of the parallel plasma pressure to the magnetic pressure and β ⊥ is the ratio of the perpendicular plasma pressure to the magnetic pressure. For this period we find on average n p = 220 cm −3 , β ∥ = 0.202 and β ⊥ = 0.315. SPC and SPAN were not configured optimally to measure the ionized helium abundance n α , so assuming the typical range 0.5% < n α /n p < 4.5%, we expect D A = 0.68−0.74 nT km −1 s. We find D A for the R, T, N components to be 0.71, 1.09 and 0.70 nT km −1 s, respectively, so the R and N components are exactly within the expected range and the fluctuations in the T direction are about 33% higher (it is typical for D A to be different for each component of the velocity 5 ). We then used the calculated value of D A to rescale the range of the vector components of B, so they should overlap with V if the fluctuations were purely Alfvénic. The sign of the relation between ΔB and ΔV is given by the sign of −k·B o , where k is the wavevector and gives the direction of propagation, and B is an average direction of the field over a long time scale. The ambient direction of the magnetic field outside the large-amplitude fluctuations points towards the Sun and the correlations are overwhelmingly positive, meaning that we are seeing outward-propagating waves.
Signatures of Alfvénic fluctuations
Identification of velocity spikes
Isolated velocity spikes were identified by looking for all intervals in each encounter in which the orientation of the magnetic field started in the quiet configuration pointed towards the Sun within 30°, rotated more than 45° away from the quiet configuration for at least 10 s, and then returned to the original direction. Candidate events were then examined manually to identify starting and ending times.
